High power impulse magnetron sputtering (HiPIMS) has attracted a great deal of attention because the sputtered material is highly ionized during the coating process, which has been demonstrated to be advantageous for better quality coating. Therefore, the mechanism of the HiPIMS technique has recently been investigated. In this paper, the current knowledge of HiPIMS is described. We focus on the mechanical properties of the deposited thin film in the latest applications, including hard coatings, adhesion enhancement, tribological performance, and corrosion protection layers. A description of the electrical, optical, photocatalytic, and functional coating applications are presented. The prospects for HiPIMS are also discussed in this work.
Introduction
High power impulse magnetron sputtering (HiPIMS) is normally used as a physical vapor deposition (PVD) technique [1, 2] . However, different from conventional direct current magnetron sputtering (DCMS) or radio frequency magnetron sputtering (RFMS), in HiPIMS a very high amplitude pulse voltage is applied to the cathode. The peak electron density is in the range of 10 18 -10 19 m −3 [3] [4] [5] [6] , which corresponds to the mean free path of electron impact ionization in the order of 1 cm or less [7, 8] . Anders [9] has defined HiPIMS as a pulsed magnetron sputtering, where the peak power density exceeds the timeaveraged power of conventional DCMS by typically 2 orders of magnitude. There is a high plasma density and a high ionization degree of the sputtered materials, while the sputtered material of conventional DCMS consists mainly of neutral species. Therefore, HiPIMS has an obvious advantage compared with conventional DCMS. The high ionization degree certainly ensures a better quality of deposited films [10] .
In this review the basic knowledge of HiPIMS is described. The configuration of different types of HiPIMS power supply are presented. The latest applications of the HiPIMS technique are reviewed in detailed. However, the main focus is on thin films deposited by HiPIMS and their properties.
Basic knowledge of HiPIMS

Power supply
The general principle of HiPIMS is identical to that of conventional DCMS with the exception of the power supply used in HiPIMS [11] . In HiPIMS, the typical power supply consists of a bank of capacitors that is charged at a constant voltage U by a DC power source. When these capacitors are unloaded via an inductor L a dense plasma is generated. The stored energy in the capacitor can be calculated by [12] :
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The average power of the cathode can be calculated by using a specific duty cycle or repetition frequency of the pulse. From the curves of U(t) and I(t) on the target monitored during a single pulse by an oscilloscope, the delivered energy per peak is:
The power efficiency can then be obtained from E E .
pulse storage
Several research groups and companies have developed HiPIMS equipment for both laboratory and industrial scale applications. The general structure of these devices is basically similar, as shown in figure 1. The discharge is typically operated with a pulse cathode voltage in the range of 500-2000 V, peak current densities in the range of 0.5-5 A cm −2 , peak power densities in the range of 0.5-10 kW cm −2 , pulse length in the range of 50-500 μs, frequency in the range of 1-5000 Hz, and duty cycle in the range of 0.5%-5% [8, 11] .
Tian et al [15] developed a new type hybrid HPPMS system, which coupled the DC with the pulse power supply in parallel with the purpose of achieving both high deposition efficiency and high ionization rate. The DC and pulse power supply could be superimposed in a series or parallel forms, as shown in figure 2 . The parameters of the pulse power supply include a pulse current (up to 100-300 A, Φ target =60 mm), pulse voltage (200-1500 V), in which the DC power was 10-20 kW, and the voltage with no-load was 900 V.
Current and voltage waveforms
After analyzing the current and voltage waveforms, we were better able to understand the discharge physics in HiPIMS. For HiPIMS, the power supply usually adopts a pulse constant voltage control, so the target current of HiPIMS becomes the concentrated embodiment of its discharge behavior.
Vergöhl et al [16, 17] used bipolar HiPIMS to improve the refractive index and the density of titania coatings. However, the most used and the most communicated operation mode is the unipolar pulse in HiPIMS. For the nonreactive (inert gas and metal) HiPIMS discharge, the pulse might be, depending on the power supply circuit structure, a high initial applied voltage that subsequently drops after ignition with the onset of the current increasing, as shown in figure 3(a) . Or, a quasi-constant voltage is applied to the cathode, and the current is in a triangular shape, and as figure 3(b) shows, the current rises to the maximum firstly, and then drops to a stable plateau in a longer pulse [14] .
Anders et al [19] recorded a series of current waveforms taken at a fixed voltage with varying target materials. As figure 4 shows the current waveform typically exhibits an initial peak followed by a second one. They also claimed that the initial peak was generated by the ions of the working gas, while the second peak or plateau was a contribution of selfsputtering. It is worth noting that to form the second peak the pulse length had to be longer than 100-200 μs, which depended on the target materials.
After investigating the discharge characteristics of HiPIMS in the Cr target (Φ50 mm), Wu et al [20] divided the target current into two stages as shown in figure 5: in the first stage, the peak current appearing at the beginning of the pulse was called the pulse peak current; in the second stage, the stable current was called the pulse holding current. At a constant voltage mode the initial current peak was attributed to argon ions and secondary electrons, and the second peak was associated with the sustained self-sputtering [19] .
However, Gudmundsson et al [7] divided the pulse current into four parts, as shown in figure 6. They even found that the conditions for sustained self-sputtering required Y 1 ss t ss P ab = = [9, 21, 22] , where a is the probability of the ionization of the sputtered atom 1 , a < ( ) t b is the probability of the newly formed ions of the sputtered species returning to the target 1 , t b < ( ) and Y ss is the self-sputtering yield of the ions of the target material.
Based on Yss we can state that Y 1 ss > was necessary but not sufficient for achieving a sustained self-sputtering. When Y 1 ss > the transient phase of runaway self-sputtering could occur as figure 6 shows in part 4 region.
While based on Π ss we can say that when Π ss =<0.1, as shown in the bottom part of figure 6, low self-sputtering occurred. In this range the discharges in the plateau/runaway phase were DCMS-like. When 0.1<Π ss <1, the discharge was sorted as partial self-sputtering. With the increase in power the transition region appeared, Π ss =1, the degree of ionization of the sputtered species was obviously increased, and the discharge was also categorized as a partial selfsputtering. When Π ss >1, as shown in the top curve of figure 6 , it indicated runaway self-sputtering. When the power density was further increased, typically >1 kW cm −2 , and the discharge was sufficiently long (typically >100 μs), Π ss Figure 1 . Basic architecture of a high power pulsed magnetron sputtering (HPPMS) setup (from Sarakinos et al [13] and Bandorf et al [14] ). might exceed unity, the self-sputtering would accelerate, and runaway would occur. Considering high yield materials, such as copper shown in figure 7 [19], a very distinct jump was noticed, and in the runaway discharge a much higher level of current and power were acquired. But a very rapid onset of runaway in very low sputter yield target materials has also been noticed, such as the graphite target [23] , as shown in figure 7 , and the current could reach a high value, but the sputter yield was low. The phenomenon could not be explained by self-sputtering and ions from the background gas. A possible explanation was that the ionized gas returned to the target and then entered the ionization region, which led to a 'gas recycling' runaway.
As known, in HiPIMS, the high discharge current is mainly caused by self-sputtering and gas recycling [24] , and the contribution of discharge current from self-sputtering and gas recycling is to a large extent determined by the selfsputtering yield [25] . However, the effect of gas rarefaction Figure 3 . Curves of the voltage, current, and applied power of a single pulse using two settings of power supply. (a) high ignition voltage with delayed current rise (a ceramic target) (from Sittinger et al [18] ); (b) a rectangular voltage shape correlating to linear current increasing (from Bandorf et al [14] ). . Schematic illustration of the HiPIMS discharge current waveform divided into four parts (from Gudmundsson et al [7] ). also needs to be taken into account in HiPIMS [9] . After a very short period, e.g. microseconds, the rarefaction of the sputtering gas occurs at the target surface owing to the gas being heated, and the gas density near the target is rare when HiPIMS occurs. This rarefaction will delay or even prevent the occurrence of runaway in HiPIMS. As an example, this phenomenon was found in the case of Nb sputtering [9] , a target material with a moderate sputter yield.
For reactive HiPIMS, on the other hand, the current curves are totally different from each other depending on the operation mode, the reactive gas, and the target material. The value of the shape and peak of the discharge current changes along with the surface oxide or nitride status. Figure 8 shows the waveform of the discharge current transiting from the metallic to poisoned mode when the flow rate ratio of O 2 /Ar increased from 0.015-10 in the Ti target (3 inches in diameter) [26] .
The current waveform changes as the target transitions from the metallic to oxide mode and is commonly observed in HiPIMS. In figure 9 Gudmundsson et al [27] observed especial waveform in transition from the metallic to oxide mode as the oxygen flow rate was increased. If 2 sccm O 2 was added to the Ar stream the discharge current was obviously decreased, but it remained in the metallic mode, and the decrease in the current was due to a high energy loss in the molecular gas discharge. When the oxygen flow rate was 5.6 sccm, however, a great change was apparent: the delay in the onset of the current became significant, and the initial current peak was lowered when the discharge completely transformed from the metallic to oxide mode. The discharge current quickly increased when the discharge transformed to a runaway self-sputtering, as shown in figure 9 . Figure 10 shows another waveform of a temporal-current curve in a Ru target with various Ar/O 2 ratios [28] . With the addition of oxygen to the argon gas the discharge current initially dropped. At a high O 2 flow rate, such as 2 sccm, a triangular shape waveform of current with a high peak was found. With a further increase in the oxygen flow rate the discharge current was saturated at a high value, i.e. the slope of the current was constant with the increase in the oxygen flow rate. It inferred that the transition from the metallic to oxide mode occurred when the flow rate of O 2 changed from 1-2 sccm.
Hála et al [29] observed a maintained current waveform in a variety of Ar/O 2 ratios with a Nb target, despite the increasing peak value current along with the O 2 flow rate ( figure 11(a) ). This phenomenon was also noticed in an Al target using N 2 as the sputtering gas ( figure 11(b) ) [30] . Figure 11 (c) shows the discharge current waveform in various nitrogen flow rates for an Ar ion sputtering Hf target (Φ76.2 mm). One can see that the discharge current waveforms are similar but the initial rising slope of the waveform gradually decreased when the nitrogen flow rate was increased from 1.5-1.9 sccm. The peak current was raised when the nitrogen flow rate was changed from 2.1-4 sccm, which was likely a result of the high fraction of N 1+ in the target vicinity taking part in the sputtering process [31] .
The repetition frequency also affected the waveform of the discharge current [29, [31] [32] [33] . Figure 12 (a) shows the variation in the current waveforms in the Nb target when the pulse repetition frequency was changed at various ratios of Ar/O 2 . It is seen that the peak current increased along with the decrease in repetition frequency, but the waveforms remained identically [29] .
Figure 12(c) shows different works, in which the discharge occurred in the mixed gases of Ar/O 2 with a Ti target [32] . One can see that the waveform is totally different from that in figures 12(a) and (b). In the high repetition frequencies the plateau current waveform was observed, while in the low repetition frequencies a near linear current waveform appeared. As figure 12(c) shows, in region I, owing to the large flux of atoms sputtered from the target into the air the current increased quickly to a peak. In region II because of the collision of the sputtered atoms with the working gas, the heated and expanded working gases, known as rarefaction, caused the current to fall to the minimum. In this case, the sputtered atoms would replace the working gas atoms in the vicinity of the target to some extent and, if the plasma density is high enough, the self-sputtering would become dominant, which led to the second rise in current (in region III). As stated earlier, the current level in region III depended mainly on the applied power and target composition.
When discharging in the Ar/5% N 2 environment with the variation of repetition frequencies, figure 12(d) shows another waveform of the current. The discharge current increased substantially with the decrease in pulse repetition frequency [33] , but the plateau current waveform was observed in all repetition frequencies, even owing to the poisoning of the target at a low repetition frequency the current shape changed from the flat to rising mode.
In addition to the nature of the gas, the composition of the target surface is one of the most important parameters affecting the value of the current peak and the waveform in reactive discharges. The dependence of the current amplitudes on the pulse repetition frequencies means that surface oxidation takes place not only during the high power pulses but mostly in the period between pulses: the longer the period between the individual pulses, the longer the time available for target oxidation.
Ionization fraction and ion flux fraction
The high peak power density facilitates the generation of high dense plasma, and as a result, both the gas and sputtered species will be ionized with a high possibility. The ionization fraction and ion flux fraction in HiPIMS have been estimated by different methods.
As known, the degree of ionization can be defined by two kinds of expressions: ionization fraction and ion flux fraction. The ion flux fraction is normally larger than the ionization fraction [34, 35] .
Bohlmark et al [36] determined the ionization fraction of Ti sputtered in HPPMS using optical emission spectroscopy (OES). They showed that the ionic contribution to the recorded spectrum was over 90% in maximum. Kouznetsov et al [37] estimated a Cu ion flux fraction of ∼70% by OES. However, Vlček et al [38] , depositing Cu film in HiPIMS, noted that the ionization flux fraction of sputtered Cu, just above the substrate, was up to 56%. They explained that the estimation of the high ionization rate was based on the model predicted by Macák et al [39] . Konstantinidis et al [40] reported that the ionization rate in HiPIMS for a Ti target was in the range of 50% when the pulse period was set at 5 μs, while it was below 10% in conventional DCMS.
Kudláček et al [41] deposited Ti film by HiPIMS, and diagnosed the plasma by time-averaged mass spectroscopy (MS). It was said that the ionized flux fraction of the sputtered Ti was in the range from 60%-99%. De Koven et al [42] measured the ionized flux fraction using a quartz crystal microbalance (QCM) mounted behind a two layer-gridded energy analyzer, and they obtained ionization flux fractions of C and Al of 4.5% and 9.5%, respectively.
From the description above, one can note that both the ionization fraction and ion flux fraction have a big divergence, from below 10% to over 90%, even for the same metal target. The inconsistent values are related to the magnetic configuration [24, 25, 43, 44] , applied power density, and target materials, as well as the power supply. Of course the diagnostic methodology is also very important, and the divergence of the degree of ionization in different methods is quite large.
Deposition rate
As is well known HiPIMS provides many advantages over conventional magnetron sputtering because of the high ionization rate of the sputtered species. However, a small deposition rate in HiPIMS is also obvious. Figure 13 is a schematic diagram that explains the reasons for the small deposition rate: (a) ions return effect [45] , which contributes to the accessible current caused by self-sputtering [46] ; (b) yield effect [47] ; (c) species effect [48] ; (d) transport effect [49] ; and (e) gas rarefaction effect [50] . In general, most of these factors strongly influence the deposition rate in HiPIMS when the pulse width is higher than 50 μs [51] .
Based on the aforementioned loss routes in figure 13 , the deposition rate in HiPIMS can be improved by (i) controlling the parameters of the pulse power supply, e.g. pulse voltage [50] , pulse duration [40, 52, 53] , repetition frequency [54] , peak current [51, 55, 56] , and peak power [54] . It is found that strong self-sputtering or the gas rarefaction process do not occur in short pulse durations in HiPIMS; (ii) modification of the magnetic field distribution in magnetron [49, [57] [58] [59] ; and (iii) operation of the HiPIMS process in the multi-pulse mode, in which the metallic ion back attraction is efficiently limited [60] .
Hysteresis
Hysteresis phenomenon is more or less apparent in reactive sputtering, where the target surface is poisoned. When sputtering is operated in no or small oxygen/nitrogen flow rate, it is referred to as the metallic mode. With increasing oxygen flow rate, the metallic deposition mode transforms to the oxide deposition mode at a small deposition rate because the sputtering yield of most oxides is very small [61] . Normally a slight hysteresis will be observed. In the compound deposition mode, the target surface is covered by an insulated compound layer. It maintains in the compound status and even the oxygen flow rate is reduced below the initial oxide stage.
Recent results show that in HiPIMS the shape of the overall hysteresis curve is dependent on the current density, applied voltage, pulse length, repetition frequency, duty cycle, target material, and even target size [62] , as well as pumping speed [63] . In fact, there are a lot of contradicting results published in the literature about whether or not the hysteresis curve will appear in reactive HiPIMS.
Wallin et al [64] reported that the hysteresis effect could be reduced or even be completely ignored in reactive HiPIMS during depositing alumina coating. Kubart et al [63] studied the hysteresis behavior in a Ti metal target with Ar/O 2 mixture gases. For a fixed pulse time and constant average power, there was an optimum repetition frequency, in which the hysteresis was minimized. Aiempanakit et al [65] investigated the hysteresis behavior in the transition zone for Al and Ce as targets in an Ar/O 2 mixture gas atmosphere in reactive HiPIMS. Their results showed that HiPIMS exhibited an elimination/suppression of the hysteresis, which was a smooth transition from the metallic to the compound sputtering mode. Benzeggouta et al [66] obtained hysteresis-free Ru oxide film deposition in reactive HiPIMS. Sarakinos et al [67] showed that the reactive HPPMS of zirconium oxide exhibited a stable and hysteresis-free transition zone, as opposed to reactive DCMS, where a serious hysteresis effect existed. Hála et al [29] demonstrated that the investigation of a Nb cathode in O 2 /Ar mixture gases. It was noted that the operation was in a complete hysteresis-free mode in HiPIMS.
Strijckmans et al [68] used a model and simulation to explore the hysteresis effect. They found that the hysteresis in high power density can be greatly reduced in reactive HiPIMS compared to DCMS. Kadlec and Čapek [69] , after combining a Berg-type model with the Christie-Vlček global model, presented a result that explained the reduced hysteresis in HiPIMS. They said that the critical pumping speed in HiPIMS was smaller than that in DC or mid-frequency pulsed magnetron sputtering, and as a result, a smaller target coverage at a given partial pressure. These results were confirmed experimentally by Čapek and Kadlec [70] .
There is still disagreement on the origin of the process stabilization in reactive HiPIMS. As noted, the stabilization of hysteresis has only been observed in a narrow range of experimental parameters [64, 67] . Nouvellon et al [55] Figure 12. Relationship of the waveform of the discharge current with the pulse repetition frequency (a) in the Ar/O 2 discharge with a Nb target (Φ5 cm) (from Hála et al [29] ); (b) in the Ar/N 2 discharge with a Hf target (Φ76.2 mm) (from Shimizu et al [31] ); (c) in the Ar/5% O 2 discharge with a Ti target (Φ75 mm) (from Magnus et al [32] ); (d) in the Ar/5% N 2 discharge with a Ti target (Φ75 mm) (from Magnus et al [33] ).
compared the deposition of titanium oxide films by HiPIMS and DCMS in an Ar/O 2 environment, and found the transition of hysteresis between the metallic and oxide modes in both HiPIMS and DCMS. The hysteresis curve was narrow at the high peak current.
The hysteresis in reactive sputtering is relevant to target surface and reactive gas. Two mechanisms of target poisoning have been hypothesized, chemisorption and ion implantation, which lead to the formation of a compound layer on the target surface. The chemisorption of reactive gases occurring in HiPIMS is the same as is done in alternating current (AC) or DCMS. The ion implantation mechanism is considered to be pronounced, even much more significantly in HiPIMS owing to very high peak voltages. It therefore seems that there are sufficient reasons and conditions to say the reactive HiPIMS exhibits the hysteresis phenomenon [62] .
Nevertheless, the hysteresis-free zone has been hypothetically attributed to the following mechanisms: the depletion of reactive gas when the pulse was switched on [63, 64, 71] , the limitation of target oxidation when the pulse was switched off [64] , and the high voltage applied in HiPIMS leading to the high erosion rate of the target and high ion flux fraction [67] .
Applications of the HiPIMS technique
Due to the high ionization rate in HiPIMS, the quality of coatings is definitely improved. The latest applications, such as hard coatings, adhesion enhancement, tribological performance, corrosion protection layers, and electrical and optical coatings, photocatalytic applications as well as functional coatings are reviewed in this paper.
Hard coatings
Transition metal nitrides are very common films used as hard coatings. Therefore, there are many publications considering the process and properties of nitrides by HiPIMS.
Chang et al [72] studied aluminum nitride (AlN) thin films prepared by HiPIMS. They determined the optimum deposition conditions using the Taguchi method. The effects of substrate bias, frequency, duty cycle, and substrate temperature on the hardness and transmittance of AlN coatings were investigated. It was found that the substrate bias was the most influential parameter in dominating the coating hardness, whereas the duty cycle played an essential role in the coating transmittance. For the optimal deposition parameters, a hardness of 25 GPa and a transmittance of 83.4% of the AlN coatings could be achieved.
Yang et al [73] also used HiPIMS to prepare aluminum nitride thin films. They noted that the smaller the duty cycle and the higher the pulse peak power density was, the higher the hardness of the coatings was. A hardness of 26.5-28.0 GPa was achieved for the crystalline over-stoichiometric AlN thin film when the duty cycle was 3.5%.
Hsiao et al [74] studied Al x Cr 1−x N coating deposition with an AlCr alloy target on various substrates using a reactive HiPIMS technique. Their aim was to systematically study the relationship between the microstructure, mechanical properties of Al x Cr 1−x N coatings with duty cycle, and pulse frequency. They observed that the higher the frequency, the higher the hardness was obtained, when the duty cycle was constant at 2%. The maximum hardness of 39.9 GPa was obtained in the Al 0.75 Cr 0.25 N coating.
Shimizu et al [75] reported on the deposition of TiAlN by HiPIMS under a low temperature condition. They obtained a higher hardness TiAlN coating with relatively smoother surfaces than that achieved by conventional DCMS. When the pulse duration was set at 150 μs, TiAlN coatings with a maximum hardness of 33 and 35 GPa, and a surface roughness of 1.1 and 1.2 nm were obtained in HiPIMS based on the time-averaged powers of 5 and 7 kW, respectively.
Wu et al [76] deposited Ti 1−x Al x N thin films (x varied from 0.72-0.86) using the HiPIMS technique. The influence of the pulse power and N 2 /Ar ratio on the microstructure and hardness was studied. The highest hardness of 22.3 GPa was obtained when the duty cycle was 3%, the pulse power was 1.8 kW, and the N 2 /Ar ratio was 0.46. They found that the coating hardness greatly depended on the N 2 /Al ratio.
Greczynski [77] deposited metastable Ti 1−x Al x N (0.4x0.76) films using the hybrid approach of HIPIMS with DCMS. The alloys grown in the combined Al-HiPIMS/ Ti-DCMS had a kinetic solid-solubility limitation of x= 0.64 and exhibited a hardness of 30 Gpa, and a small residual tensile stress of 0.2-0.7 GPa due to solid-solution hardening. They attributed this to a combination of kinetically limited growth and dynamic near-surface mixing due predominantly to Al + and Ar + ion irradiation during HIPIMS pulses (the Al 2+ flux was negligible). However, alloys grown in the combined Ti-HiPIMS/Al-DCMS mode exhibited a small hardness of 18-19 GPa with high compressive stress, up to Figure 13 . Schematic diagram of the fluxes involved in the deposition in HiPIMS when the plasma is dominated by metal sputtered from the target; α, β, and γ are the ionization probability, the return probability, and the sputtering yield, respectively (from Anders et al [45] ). ∼2.7 GPa, which was delaminated after post-annealing. The dramatic difference in the film properties was primarily due to the presence of an intense flux of doubly ionized Ti 2+ ions, with a mean ion energy of 20.8 eV during the Ti-HiPIMS pulses. Ti 2+ ions, accelerated by the −60 V substrate bias, had total kinetic energies >140 eV. This is high enough to give rise to the creation of the residual defects. The results clearly demonstrated that the use of combined HIPIMS/ DCMS co-sputtering can provide feasibility in tuning the microstructure and physical properties of as-deposited alloy films.
Greczynski et al [78] also deposited Ti 1−x Al x N alloys using hybrid approach of HiPIMS and DCMS from Ti and Al targets. In these cases, a negative bias V s , ranging from 20-280 V, was applied to the substrate when HiPIMS was operating in the metal ion-rich stage. Al-HiPIMS/Ti-DCMS grown under Al + bombardment with 20V s 160 V were single-phase NaCl-structure alloys, while films deposited with V s >160 V were two-phase, cubic plus wurtzite. In contrary, Ti-HiPIMS/Al-DCMS grown in V s =20 V were two-phase with a compressive stress of σ=−2 GPa, which increased to −6.2 GPa at V s =120 V. The hardness values H in in the range of 17.5-27 GPa were directly correlated with σ. However, for Al-HiPIMS/Ti-DCMS, the relatively low mass and single charge of the Al + ions permitted tuning properties of metastable cubic Ti 0.38 Al 0.62 N by adjusting V s , for example, from 12-31 GPa while maintaining σ∼0.
Tian et al [43] deposited (AlTi) x N 1−x by magnetic field enhanced HiPIMS technology. The magnetic field could increase the incorporation of nitrogen into the (AlTi) x N 1−x film, and improve the surface smoothness (R a =5.2 nm), hardness (28 GPa), and adhesion. A high deposition rate was also observed in the presence of the magnetic field enhanced HiPIMS, which could be used controllably to improve the efficiency of HiPIMS as well as the structure and properties of the deposited films.
Zhou et al [79] fabricated AlTiCrN coatings with different Cr content by varying the Cr target power in the codeposition of HiPIMS/DCMS. The results showed that the hardness and elastic modulus of the AlTiCrN coatings increased from 31.4±1.4 GPa to 448.8±9.3 GPa at 0 at% Cr to 33.7±1.4 GPa and 469.5±8.2 GPa at 8.9 at.% Cr, respectively.
Ferreira et al [80] reported the effect of bombarding ion energy on the properties of CrN thin films prepared by deep oscillation magnetron sputtering (DOMS) (a variant of the HiPIMS technique). They noted that the film growth mode changed from columnar growth to a featureless one, and the corresponding harnesses were increased from 21-22 GPa to 28-29 GPa when the depositions were carried out at 0.3 and 0.7 Pa with an increased power, respectively. They attributed this to the increase of ionization fraction in sputtered metal with the increase of working pressure.
Greczynski et al [81] compared CrN x (0x0.91) films grown in HiPIMS and DCMS, respectively. They found that the films grown by HiPIMS demonstrated a higher hardness over the entire range of gas compositions. If the films contained less than ∼33 at% nitrogen prepared by HiPIMS, SEM cross-sectional micrographs revealed a columnar growth mode with nanosized grains, while DCMS grown films exhibited a columnar growth mode, independent of N 2 /Ar flow ratio. The combination of high substrate bias and high flux of doubly charged Cr ions presenting in HiPIMS caused the disruption of the grain growth and renucleation.
Zuo et al [82] investigated the microstructure and mechanical properties of DC-superimposed HiPIMS CrN coatings grown under different substrate biases. The CrN coatings deposited at −250 V showed a dense columnar microstructure, which led to a sufficient hardness of 18.7 GPa besides a high fracture toughness and a wear resistance. It was concluded that the bombardment of incident energetic ions led to fine grains, and was beneficial to the deposition of hard and tough CrN coatings.
Lewin et al [83] compared the deposition of ternary AlSi-N coatings prepared by DCMS and HiPIMS. They found that a dense coating with slightly more textured crystalline phase was formed. They claimed it was owing to a high amount of metallic ions and a high dissociated nitrogen in HiPIMS. A maximum hardness of 27 GPa, with 7 at% Sicontent, was achieved by HiPIMS.
Chang et al [84] prepared the hard coating of TiN by using an unipolar mode HiPIMS. They illustrated that the highest ratio of (111)/(200) intensity and the highest amount of Ti-N bonding could be formed by moderate ion bombardment. The hardness of the TiN coating could reach as high as 29.3 GPa.
Greczynski et al [85] prepared Ti 1−x Si x N (0x0.26) thin films in mixed Ar/N 2 plasma using the hybrid approach of HiPIMS and DCMS. TiSiN nanocomposite films based on Ti-HiPIMS/Si-DCMS were superhard over a composition range of 0.04x0.26, which was significantly wider than previously reported [86, 87] . The hardness value H of the films was ∼42 GPa when 0.13x0.26. However, the compressive stress was also high, ranging from −6.7 to −8.5 GPa. If the TiSiN films were deposited by the combination of Si-HiPIMS/Ti-DCMS the films were softer, H≈14 GPa when 0.03x0.24, and the compressive stress was free essentially (σ∼0.5 GPa).
Greczynski et al [88] obtained high hardness and low residual stress Ti 0.92 Ta 0.08 N alloys by combining TaHiPIMS/Ti-DCMS grown at T s 120°C. It indicated that the heavy-metal ion momentum transferred to the growing film provided sufficient adatom mobility and near-surface intermixing at T s near RT to substitute for the thermally driven adatom diffusion even at T s =500°C.
Fager et al [89] used a hybrid HiPIMS and DCMS technique to grow dense and hard Ti 0.41 Al 0.51 Ta 0.08 N alloys without external heating (T s <150°C). The Ta-DCMS alloy films were only 70% dense due to both inter-and intracolumnar porosity. In contrast, the Ta-HiPIMS layers exhibited no inter-columnar porosity and were fully dense. The mechanical properties of the Ta-HiPIMS films were significantly improved in hardness and elastic modulus values of 28.0 and 328 GPa compared to 15.3 and 289 GPa for reference in Ta-DCMS films, respectively. Ma et al [90] deposited TiAlSiN nanocomposite coatings by HiPIMS under different bias voltages. With the increased bias voltage, the sputtered species combined with the high energy ions were accelerated toward the substrate owing to the bias voltage, and led to the increase in the discharge current from 118-165 A, and the decrease in the grain size to 7.4 nm, the increase in hardness to 42 GPa, and the increase in cross-section density, but a decrease in adhesion strength.
Belosludtsev et al [91] prepared hafnium oxynitride films by HiPIMS. A feedback pulsed reactive gas flow control made it possible to achieve very high deposition rates (up to 230 nm min −1 ) and controllable composition from Hf 32 O 66 to Hf 57 O 6 N 33 . The evolution of the properties of the controllable films, transition from HfO 2 to HfN included an extinction coefficient at 550 nm from 5×10 −4 to 1.77, electrical resistivity from >10 8 Ωm to 3.2×10 −6 Ωm, hardness from 18-25 GPa, and the water droplet contact angle from 101°-107°. These results were important in oxynitride coating design, and in pathways for their preparation. Table 1 summarizes the above studies on hardness of nitrides prepared by HiPIMS. It can be seen that substrate bias, duty cycle, pulse peak power density, frequency, N content, magnetic field, and degree of ionization all have a great influence on the hardness of nitrides. Moreover, a number of studies have proven that the hardness of the nitride prepared by HiPIMS was higher than that prepared by conventional DCMS.
Besides nitrides, the hard diamond-like carbon films (DLCs) have also been deposited by HiPIMS. Konishi et al [92] deposited DLC films by sputtering a graphite target using a short pulse-operated HiPIMS. The hardness of the prepared DLC films was 37 GPa when the pulse width was 7 μs and the applied voltage was −1200 V. It was said that the highly ionized carbon species in HiPIMS was responsible for the high hardness of the DLC because of a high content of sp 3 fraction in the films. Wiatrowski et al [93] claimed that ions bombarding and depositing energy on the substrate surface during the growth of DLC films improved the stability of the sp 3 bonds and the properties of the deposited DLC film during the HiPIMS process. The prepared DLC films were characterized by a high refractive index (n=2.45 at 400 nm) and a high sp 3 fraction content (70%-80%, calculated from the acquired Raman scattering spectra).
Multiple elemental alloys have been deposited by HiPIMS as well. Zhang et al [94] synthesized Al-Mg-Ti-B coatings at room temperature HiPIMS. The coatings exhibited good mechanical properties with nano-hardnesses in the range of 27-37 GPa and the elastic modulus between 315-348 GPa. The high hardness was attributed to the presence of abundant B-B bonds in the Al-Mg-Ti-B coatings. They suggested that the O concentration predominantly determined the mechanical properties of the boron-rich boride coating.
Due to the higher ionized fraction of the plasma species, Schmidt et al [95] synthesized fluorine containing amorphous carbon films (CF x , 0.16x0.35) by reactive HiPIMS. The results showed a graphitic nature of CF x films when x0.23, while it was polymeric structure when x0.26.
The measurement of nanoindentation revealed that the hardnesses was between ∼1 GPa and ∼16 GPa, and the elastic recovery was up to 98%. Moreover, Schmidt et al [96] observed that the abundance of the precursors in the plasma were correlated to the mechanical properties of the CF x thin films: with an increase in fluorine content, the hardness decreased, which could be attributed to the abundance of CF 3 + precursor species in the plasma to weaken the carbon matrix.
Adhesion enhancement
Based on the high ionization rate in HiPIMS, the adhesion of the deposited films on metals is significantly improved.
Hovsepian et al [97] found that CrN/NbN coating deposited by HiPIMS on P92 steel did not delaminate even when the probe load reached 80 N. They thought that the excellent coating properties were due to the unique high ionization rate of the metal in HiPIMS, which allowed the particle trajectory to be controllable by external electrical and magnetic fields, delivering highly energetic flux and condensing tightly on the surface.
Bakoglidis et al [98] investigated the adhesion of CN x coatings on steel substrates by HiPIMS at a low temperature. They addressed the role of substrate pretreatments through the transition layer, i.e. five different metal targets: Ti, Zr, Al, Cr, and W were used as the transition layer. The results were that CN x adhesion, assessed by a Rockwell C test, were not improved on the Ti and Zr transition layers. The reason was due to the high fluxes of the doubly ionized metal species in HiPIMS, and that no interlayer was formed because of severe re-sputtering. After Al pre-sputtering treatment, a slight improvement in adhesion was observed, while the best adhesion was obtained in the samples of Cr and W as transition layers. The steel surfaces pretreated with Cr or W showed the highest level of adhesion with W Cr adh=1.77 J m −2 and W W adh=1.66 J m −2 , respectively. Broitman et al [99] achieved highly adherent carbon nitride (CN x ) films using a novel pretreatment in two masterslave configurations of HiPIMS power supply: one to establish the discharge and the other to produce a pulsed substrate bias. The adhesion of CN x films evaluated by the DaimlerBenz Rockwell C test, reached the quality of HF1 (no visible failures around the indentation crater), and by scratch tests, reached the critical load of 84 N.
Tribological performance
Qin et al [100] investigated the tribological performance of MoS 2 -Ti composite coatings deposited by a hybrid DCMS and HiPIMS approach, where the Ti contents was varied from 0-19.9 at.% in MoS 2 -Ti composite coatings. Their results showed that the tribological property of the coatings was significantly improved when Ti was doped into the sputtered MoS 2 coatings. When doped with approximately 13.5 at.% Ti the coatings displayed excellent lubricant and wear-resistant performance, and the average lowest friction coefficient of 0.04 was also very steady. Luo et al [101] deposited a TiN hard coating on a hardened steel substrate and used a closed field unbalanced magnetron sputtering system and a hybrid process consisting of one HiPIMS and three DCMS. They investigated the effect of the incorporation of HiPIMS on the tribological properties. Their results showed that both sputtered TiN coatings by closed field unbalanced DCMS and hybrid HiPIMS/DCMS exhibited a similar dry sliding friction coefficient and comparable wear coefficient, which were in the range of 0.8-0.9 and ). The friction coefficient (μ) was roughly halved from 0.48-0.25 when the defect density was decreased from 3.18%-1.37%. ; pulse on-time: 25 μs; N 2 /Ar: 2.5%, the total flow rate: 100 sccm; working pressure: 0.13 Pa; substrate bias: −60 V
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Hybrid HIPIMS/ DCMS two target co-sputtering configuration Bakoglidis et al [104] deposited CN x films using HiPIMS in order to reduce their rolling-contact fatigue. When the coating had a 15 nm W adhesion layer they found that after 700 k cycles there was no fatigue, even though the steadystate friction coefficient was ∼0.05 for both the uncoated and coated rollers. The explanation is that the presence of the CN x coating prior to elastohydrodynamic lubrication, prevented the steel-to-steel contact of the counterparts, as a result of reducing the wear and increasing the lifetime expectancy.
The roller bearings were also investigated. In a highcycle fatigue test, CN x coatings could survive for more than 720 k cycles and effectively protect the bearings from fatigue, and against failures [105] . Besides, the CN x -coated rollers showed a decrease in the friction coefficient of up to ∼50%. In the elastohydrodynamic lubrication regime, the CN x coating rollers outperformed all uncoated rollers in terms of wear rate.
After comparing the macro-and microscale tribological properties of CN x thin films grown by HiPIMS at a low process temperature, the wear of films showed different behaviors in the macro-and microscale tests [106] . The main cause in wear failure at the macroscale was the mechanical interlocking of asperities. Films with macroscale tribological properties clearly correlated to their initial roughness and roughness reduction (highest smoothing). The highest wear appeared in the films with the highest initial roughness. The wear failure in the microscale sample, on the other hand, was negligible. For the friction coefficient they strongly depended on the applied load in both scales, which decreased conversely with the increase in the applied load due to faster and more effective surface smoothing. The run-in friction coefficient showed similar trends in both scales: decreased at the initial stage and increased in the next stage. The steady-state friction did not appear in the microscale samples, which was due to the absence of a graphitic tribolayer in the contact.
Corrosion protection layers
As is known the microstructure of coatings has an important influence on corrosion resistance. Decho et al [107] investigated the corrosion resistance of CrN x /a-C:H coating 100Cr6 steel substrates by HiPIMS. A refinement of the film microstructure greatly improved corrosion protection. The explanation was the decrease in the defect density in coatings with the decrease in the duty cycle in HiPIMS.
Illana et al [108] evaluated three CrN/NbN multilayer coatings on P92 steel surfaces, i.e. CrN/NbN with low Nb content, CrN/NbN with high Nb content on coarse and fine surfaces, respectively. The thermogravimetric study showed that all coatings had improved the oxidation resistance, and the best sample was achieved in CrN/NbN with the high Nb content and smooth surface deposited in 100% steam atmosphere at 650°C.
Biswas et al [103] also deposited CrN/NbN multilayer coatings for corrosion resistance by varying the chamber pressure. They concluded that the coatings produced at the lowest chamber pressure (0.2 Pa) had the lowest defect density (0.84%), and the coating with the highest defect density had the lowest corrosion resistance.
Xie et al [109] investigated the corrosion protection effected by TiO 2 thin films, 45 nm and 300 nm exactly, on CoCrMo substrates. The effect of cyclic stress loading on the corrosion resistance of TiO 2 /CoCrMo was studied by the potentiodynamic polarization test (in a 0.9% NaCl solution). The result showed that the cyclic stress loading (∼20 MPa) had little effect on the corrosion resistance of CoCrMo substrates. After 1.08×10 7 cycles loading, the corrosion resistance of TiO 2 /CoCrMo was still better than the bare medical grade CoCrMo sample.
Hoche et al [110] deposited TiMgN, TiMgYN, and TiMgGdN coatings by DCMS and HiPIMS, respectively, by the multi-component targets of Ti, Mg, Y, and MgGd. The corrosion performance of the films deposited by HiPIMS was better than that by DCMS. The pits did not form or only slightly formed during the testing in the HiPIMS prepared samples. Besides, these pits seemly could self-seal defect sites and therefore inhibit or reduce corrosion. For the DCMS prepared ones, on the other hand, the samples were collapsed by interface corrosion. The coating was delaminated from the substrate because the electrolyte penetrated the interface during the testing. Additionally, a TiMgGdN coating deposited by HiPIMS withstood 360 h of a salt spray test, whereas a TiMgGdN coating deposited by DCMS only withstood 144 h of a salt spray test.
HiPIMS has also demonstrated efficiency in complex shape coatings. Višniakov et al [111] compared TiO 2 depositing on texturized structures by DCMS and HiPIMS in complex shaped substrates. Note that figure 14 shows that with HiPIMS the coating is smooth, uniform, and affords complete coverage in textured structures, whereas by DCMS a low quality anatase layer with different thicknesses at the top and bottom of the pyramid is formed.
Shimizu et al [112] deposited (Ti, Al) N films in 1 mmscale holes by HiPIMS and investigated the conformity into holes under various inert gas pressures. The results showed that the films deposited at 0.5 Pa had a hardness of 35 GPa even on the inner wall of the holes. It confirmed the high degree of thermalization and ionization of the sputtered species on the growth of ternary nitride films inside the small holes.
Ratova et al [113] deposited tungsten-doped titania coatings from a Ti 5 at.% W alloy target through HiPIMS. The high efficiency of the photocatalytic activity was noted under a fluorescent or visible light source. They explained that the tungsten-doped titania coatings caused a 'red-shift' of the band gap towards the visible range. Importantly, the tungsten-doped titania coatings by HiPIMS did not require further thermal annealing treatment.
Loquai et al [114] demonstrated a high quality thermochromic VO 2 film on SiN x buffered B270 glass by HiPIMS. It was noted that the glass exhibited significantly better environmental stability than the conventional VO 2 samples prepared by RFMS. In general, the operational lifetime was approximately three times longer than the one obtained for the RFMS-prepared samples. They concluded that it was attributed to the high ion density, the large average grain size, and the low hydrogen intake in HiPIMS. These results suggested that HiPIMS could be used to simplify the development of VO 2 -based smart windows.
Electrical and optical coatings
Carreri et al [115] compared indium-tin-oxide (ITO) films prepared by HiPIMS and DCMS without additional substrate heating. The optical properties and resistivity of the films prepared by HiPIMS were superior to those done by DCMS. The films with the high transmittance over 89%, and low resistivity between 300 and 400 μΩ cm, were grown in HiPIMS.
Zhao et al [116] compared zirconia films deposited on glass and ITO/glass substrates by reactive HiPIMS. The optical transmittance of the films on the glass substrates reached more than 90% in the range of 200-900 nm wavelength, much higher than that prepared by DCMS. The shift of the band edge of the zirconia films to high energy was noted when the oxygen flow rate was smaller than 4.5 sccm. When the films were prepared on ITO/glass substrates, the transmittances also reached 84% at 4.5 sccm of O 2 flow rate, and the band gap was 3.7-3.8 eV when the oxygen flow rate was 3.5-5.0 sccm. The leakage current was smaller than 4×10 −8 A cm −1 at a measurement of 2 V of when the oxygen flow rate was 3.5 sccm.
Belosludtsev et al [91] deposited a dielectric of hafnium oxynitride films by HiPIMS at a low temperature (<140°C) without bias voltage. They found that the N content in the plasma dominated the film structure and properties: from m-HfO 2 to t/c-HfO 2 , and c-HfN 0.6 O 0.4 to c-HfN; the extinction coefficient at 550 nm changed from 5×10 −4 to 1.77; and the electrical resistivity varied from >10 8 Ωm to 3.2×10 −6 Ωm when the N content was varied from 4-8 at.%. Tiron et al [117] reported on amorphous TiO x thin films with a variable stoichiometry (x<2) prepared by reactive HiPIMS operating in a multi-pulse mode. They found that by increasing the repetition frequency in m-HiPIMS, more oxygen deficits could be formed in TiO x thin films.
Agnarsson et al [118] compared TiO 2 thin films grown on Si(001) substrates by DCMS and HiPIMS at temperatures from 300°C-700°C. They concluded that a rutile TiO 2 thin films with a high refractive index could be grown in HiPIMS at relatively low temperatures. Besides, this film was much more smooth and transparent.
Hála et al [119] investigated the properties of amorphous Ta 2 O 5 film prepared by HiPIMS. They showed that the films deposited by HiPIMS exhibited a high refractive index (n 550 ∼2.22), besides the small residual stress (∼−50 MPa), high hardness (∼7.8 GPa), and small surface roughness (∼0.2 nm).
Wu et al [120] investigated the effect of the O 2 /Ar ratio on the characteristics of InGaZnO (IGZO) in HiPIMS at a low processing temperature of 40°C-50°C. The results showed that the amorphous IGZO thin films prepared by HiPIMS exhibited good optical and electrical properties.
Vlček et al [121] investigated the growth of stoichiometric ZrO 2 and Ta 2 O 5 films onto floating substrates by HiPIMS. The crystallinity of the ZrO 2 films were a dominated by the monoclinic phase when they were prepared at substrate temperatures less than 120°C. The as-prepared ZrO 2 film exhibited a refractive index of 2.19-2.22, an extinction coefficient of 2×10 −3 -6×10 −3 (at the wavelength of 550 nm), and a hardness of 16 GPa [122] . While the Ta 2 O 5 films, prepared at substrate temperatures less than 200°C, were nanocrystalline with the hardness of 7 GPa, extinction coefficient of less than 1×10 −4 and refractive index of 2.09-2.15.
Martin et al [123] deposited Al doped zinc oxide (AZO) films by reactive HiPIMS and reactive DCMS from an alloyed target without external thermal assistance. Both the DCMS and HiPIMS deposited films showed comparable transmittance while the electrical properties were only significantly improved in the HiPIMS process. The resistivity was down to the order of 10 −4 Ω cm, which made them potential candidates as electrodes in solar cells. The electron density reached 11×10 20 cm −3 , making the ionized impurities the main scattering defects.
Tran et al [124] deposited zinc tin oxide (ZTO) thin film at 100°C using HiPIMS. The as-deposited films were smooth, amorphous, transparent, and semi-insulating. The introduction of hydrogen by post-annealing resulted in a significant increase in conductivity with moderate carrier concentrations (∼10 17 cm −3 ) and n-type carrier mobility (4-13 cm 2 V −1 s
−1
). These characteristics were achieved with no measurable crystallization and proved stable.
Peng et al [125] deposited a p-type oxide semiconductor of titanium monoxide (TiO) by HiPIMS. The experimental results showed that the crystallinic cubic γ-TiO could be directly grown on an unheated glass substrate. For the purpose of the p-type channel layer in a transistor, the optimum γ-TiO film exhibiting a high hole mobility of 8.2 cm 2 V −1 s was grown at the bias voltage of −25 V and followed by postannealing at 400°C.
Sun et al [126] deposited Cu x O thin films on glass and silicon substrates by HiPIMS at room temperature from a metallic Cu target. The influence of the pulse off-time on the film's structural, morphological and optoelectronic properties was investigated. They found that the power intensity applied on the Cu target was strongly affected by the pulse off-time, which had an important impact on the composition of the film. The film transmittance was improved with the increase of the pulse off-time due to the progressive disappearance of the Cu-rich amorphous phase and the coarser grain size. The film type was also changed from n-type to p-type with increasing pulse off-time. The optimal conductivity of the p-type film was around 3 S×cm −1 when the pulse off-time was set at 2000 μs. It was concluded that high quality metal oxide films grown by HiPIMS were suitable for optical and electronic devices.
Conclusions and future outlook
In this paper, the basic knowledge and applications of HiPIMS were reviewed. The discharge physics in HiPIMS were represented by the discharge current and voltage waveforms. Several phenomena in HiPIMS were analyzed from physical viewpoints. Due to the high plasma densities and the high ionization fraction of the sputtered material in HiPIMS, the applications of HiPIMS for good quality films were described in detailed, including hard coatings, adhesion enhancement, tribological performance, corrosion protection layers, and functional coatings as well as electrical and optical coatings. The results showed that high hardness values with smooth surfaces could be obtained by using HiPIMS technology. Through the HiPIMS technique, the adhesion of deposited coatings on steel was significantly improved. With this technology, complex shaped substrates and 1 mm-scale holes could be conformally coated. Furthermore, HiPIMS has been successfully utilized to deposit coatings with excellent performance in tribological, corrosion, photocatalytic activity, and thermochromism. The optical properties and resistivity of the films prepared by HiPIMS were superior to those of DCMS. However, until now, most of the research and development work done on HiPIMS has been dedicated to hard coatings and tool coatings.
In the future the reason for the hysteresis effect has to be explored further. As is well known there are different opinions about whether or not there is a hysteresis effect in HiPIMS. Some works have found a reduction or elimination of the hysteresis effect, while others have claimed that the hysteresis loop in reactive HiPIMS was very similar to that usually observed in reactive DCMS. The mechanism of hysteresis formation in the reactive HiPIMS requires investigation.
Increasing the deposition rate of HiPIMS is another important issue. The deposition rate can be improved by finding different parameter combinations or combining bias voltage, inductively coupled plasma, and extraneous magnetic field to enhance plasma density. But how the coating structure correlates to bias voltage, inductively coupled plasma, and extraneous magnetic field are future topics. The specific functional coatings deposited by HiPIMS are also expected to be determined in the future.
